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The supplemental material is divided into four sections. Section I gives more details on the fab-
rication and the geometry of sample W2 (half-cavity). Section II shows the polariton dispersion
below and at threshold, measured with high spatial selection which allows to remove the disper-
siveless emission from the cracks. It also shows the raw data allowing to extract the blue shift of
polariton modes versus pumping. The emission properties of sample W1 at high pumping densi-
ties, and the corresponding numerical simulations based on the solution of semi-classical Boltzmann
equations are discussed in Section III. The method used to extract the dispersion for sample W2
and the power dependence of the emission are explained in Section IV.

PACS numbers:

I FABRICATION DETAILS AND SAMPLE W2
GEOMETRY

The sample W1 has been grown by molecular beam
epitaxy on m-plane bulk ZnO substrate. It consists of a 1
µm thick Zn1−xMgxO (x=0.26) buffer and lower cladding
layer, a 50-nm thick ZnO layer, and a 100-nm thick
Zn1−xMgxO (x=0.26) upper cladding layer (see Fig. 1
of the main text). Thermal mismatch induces cracks as
discussed in the main text.

The first-order grating couplers have been fabricated
by electron beam lithography using a 80-nm thick,
negative-tone Hydrogen silsesquioxane resist. Each grat-
ing spans over a 100 × 100 µm2 area, and the grating
grooves are oriented perpendicularly to the c-axis, that
is, parallel to the thermal cracks. The target fill factor
is fixed to ∼ 50 %, and the periods Λ have been calcu-
lated so that the central value of the in-plane wavevector
(33 µm−1) is out-coupled perpendicular to the sample
surface (Λ =180-220 nm).

The modal confinement factor of the 1D TE0 guided
mode is estimated to be of ∼ 46 % in the ZnO guiding
core while the overlapping with the grating is estimated
to be lower than 1 %. This leads to relatively weak ex-
traction loss, estimated to be lower than 4% of the guided
power over a propagation distance of 40 µm (from 2D
FDTD simulations).

The sample W2 consists of a bottom DBR compris-
ing 30×(ZnO/ZnMgO) λ/4 layers (further details on the
structural, morphological and optical characterization
can be found in [1]), and completed by a 130-nm thick
ZnO layer (on top). A cross-section SEM image and the
sketch of the sample W2 are shown in Fig. S1(a,b). Both
samples display cracks, with a mean distance between
them of 25 µm. The surface roughness for both sam-
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Figure 1. Sample description and dispersion of the guided polariton mode. 

1-a: SEM image of the half-cavity structure with clearly visible cracks.  

1-b: Sketch of a guided mode propagating in the active region.  

1-c: Experimental dispersion at 5 K extracted from interference patterns (black squares) overlaid on 

the calculated dispersion using scattering matrix formalism (green). The inset shows the same 

experimental dispersion fitted with a coupled oscillator model which allows to extract the group 

velocity and the excitonic fraction of the polariton. 

a) 

b) 

Figure S1: Sample W2. a) SEM image of the half-cavity
structure with clearly visible cracks. b) Sketch of a guided
mode propagating in the active region.

ples was of the order of 1 nm, as obtained from 5 × 5
µm2 regions, scanned by atomic force microscopy. The
precise values of the layer thicknesses (in the structures)
were determined by combining cross- section secondary
electron microscopy images and X-ray reflectivity.

II SPATIALLY SELECTED EMISSION AND
BLUE SHIFT MEASUREMENT

The data shown in Fig. 2 of the main text are taken
using a large pumping spot, covering the whole area of
a horizontal cavity, which allows to minimize the lasing
threshold. It makes difficult spatial selection of emis-
sion which therefore contains both light emitted from the
grating area, which allows to observe the polariton dis-
persion, and also light from the cracks, which appears as
non-dispersive ”horizontal lines” due to diffraction. Fig-
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a) b)

Figure S2: Emission of W1 at 300 K versus energy and emis-
sion angle. The emission from the grating is selected by a
pinhole which allows to remove the crack emission a) 0.5 Pth

b) Pth

Figure S3: Emission of W1 versus pumping power with spatial
selection (grating only): a) 5 K b) 300 K

ure S2 shows measurements taken at 300 K, both below
and at threshold, where a spatial selection of the grating
emission by a pinhole is performed. The figure clearly
shows the polariton dispersion whereas the dispersion-
less emission from the cracks has disappeared.

Figure S3 shows the PL spectra of the sample W1 with-
out angular selection, versus pumping power at 5K and
300 K. These figures allows to follow the energy of the
Fabry-Perot modes of the horizontal cavity versus pump-
ing, and to track their blue shifts which are shown in
Fig. 2(a,b) of the main text.

III HIGH PUMPING DENSITIES

Figure S4 shows the emission of W1, measured in the
same conditions as Fig. 2(c,e) of the main text for a
pumping power varying from 0.1 to 20 Pth. One can
see that the main emission always fits the polariton dis-
persion (dashed black curve), even if it becomes harder
to determine at the largest pumping densities because
of the strong mixing with the dispersionless crack emis-
sion. The dispersion itself remains largely unperturbed,
showing a slight blue shift of the order of 1-3 meV. The
lasing emission above threshold shows a clear red shift by
about 20 meV, which corresponds to relaxation towards
states with larger and larger photon fractions with in-
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Figure S4: Angularly-resolved PL of W1 at 5 K versus pump-
ing.

creasing pumping power. The same set of data presented
slightly differently can be seen in the movie movie.mp4
(also available at https://www.youtube.com/watch?v=

A0ZSpzKErZw). In the movie we show both positive and
negative angles of emission. It allows to see the two sym-
metric dispersion curves, corresponding to the positive
and negative directions of propagation. Figure S5 is ob-
tained from the same data. It shows the emission spec-
trum versus energy but without angular resolution taken
at different pumping.

It compares qualitatively well with the Figure S6 show-
ing the results of simulations based on the numerical
solution of the semi-classical Boltzmann equations for
polaritons similar to the ones used in [2]. The general
formalism of semi-classical Boltzmann equations and its
application to polaritons are discussed in [3].

dnk
dt

= Pk − Γknk − nk
∑
k′

Wk→k′ (nk′ + 1) (1)

+ (nk + 1)
∑
k′

Wk′→knk′

Here, nk is the population of polariton or exciton states
at a given wavevector, Pk is the pumping (we represent
the non-resonant pumping by injection of excitons, as-
suming that they rapidly thermalize with respect to the
free exciton energy with optical phonons), Γk are the
decay rates, determined by the group velocity and the
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Figure S5: PL of W1 at 5 K versus pumping. The data are
the same as the one used for figure S4.

 

Figure S1-c: Experimental dispersions from 5.4 W/cm² (Pth) to 450 W/cm² (80Pth) extracted from 

interference patterns of Figure S1-a. The experimental dispersions are fitted by a coupled oscillator 

model with the Rabi splitting as fitting parameter. The Rabi splitting ranges between 196 meV (Pth) 

and 180 meV (80 Pth). 

Figure S1-d: Polariton distribution function versus energy calculated as a numerical solution of the 

semi-classical Boltzmann equation, for different pumping powers. 

 

 

 

Figure S6: Polariton distribution function (Population) ver-
sus energy, calculated as a numerical solution of the semi-
classical Boltzmann equation for different pumping powers.

reflection on the cavity edges (we assume 50% reflection
probability, as confirmed by COMSOL simulations).
W are the scattering rates between the states, assisted

by the exciton-phonon and exciton-exciton interactions.
The exciton-phonon scattering rate can be written as:

W phon
k→k′ =

2π

~
∑
q

|M (q)|2
(
0, 1 +Nphon

q

)
(2)

× ~γk′/π

(E (k′)− E (k)± ~ωq)
2

+ (~γk′)
2

where M(q) is the matrix element of interaction,
depending on the phonon type (acoustic or optical),
0, 1 stand for phonon absorption or emission respec-
tively, Nphon

q = 1/(exp(−E(q)/kBT ) − 1) is the num-

ber of phonons with the energy given by the exchanged
wavevector q, ~γk′ is the broadening of the polariton
states (induced by the lifetime or other sources). Thus,
at higher temperatures the phonon-assisted processes
become enhanced by the increase of the corresponding
terms in this scattering rate. On the other hand, the
exciton-exciton scattering rate strongly depends on the
density of excitons:

W exc
k→k′ =

2π

~
∑
q

|Mexc|2N exc
q

(
1 +N exc

q+k′−k
)
(3)

× ~γk′/π

(E (k′)− E (k) + E (q + k′ − k)− E (q))
2

+ (~γk′)
2

We stress that these scattering rates concern only the ex-
citonic fraction of the quasiparticles at any wavevector.
Here, Mexc is the matrix element of the exciton-exciton
scattering, N exc

q is the number of excitons (or exciton-
polaritons) with a given wavevector. We see that the
overall dependence of the scattering rate on the exciton
density is quadratic, which greatly enhances the relax-
ation at high densities.

The Rabi splitting value is taken as 200 meV. The in-
crease of pumping power enhances all scattering rates
for two reasons: 1) the efficiency of exciton-exciton scat-
tering increases with the density of excitons, and 2)
bosonic stimulation increases all scattering rates. In pla-
nar vertical cavities this enhancement of scattering rate
allows to overcome the well-known ”bottleneck effect”
[4]. In such cavities, the dispersion shows an energy min-
imum whose depth can be tuned by changing the exciton-
photon detuning at zero in-plane wavevector. If the re-
laxation times are longer than the polariton lifetime near
the ground state, polaritons cannot dissipate energy ef-
ficiently enough to reach the ground state during their
lifetime and they can accumulate higher in energy in the
bottleneck region. Increasing pumping power allows to
enhance relaxation rates, and to overcome the bottle-
neck. Eventually, relaxation processes can become effi-
cient enough to lead to the formation of a quasi-thermal
distribution function and of a polariton Bose condensate
in the dispersion ground state. However, one can engi-
neer the dispersion by changing the exciton-photon de-
tuning. By going to negative detuning, the energy dip
in reciprocal space becomes deeper and sharper. It takes
longer for polaritons to reach the ground state, and the
more photon like polaritons have typically a shorter ra-
diative lifetime. So the pumping density which was good
enough to allow condensation in the ground state at pos-
itive exciton-photon detuning leads to the formation of
a bottleneck at more negative detuning and a further in-
crease of pumping will be needed for polaritons to relax
down to the dispersion ground state at this detuning.
This picture has been widely discussed theoretically and
evidenced experimentally in a large amount of works [5–
7] and is well established. In a waveguide geometry, the



4

Figure S7: Sample W2. Dispersion of the guided polariton
mode and power dependence of emission. a) Experimen-
tal dispersion at 5 K extracted from interference patterns
(black squares) and the theoretical dispersion calculated us-
ing scattering matrix formalism (green). The inset shows the
same experimental dispersion fitted with a coupled oscillator
model which allows to extract the group velocity and the ex-
citonic fraction of the polariton. b) Emission intensity (black
squares) and energy (red dots) of the most intense lasing peak
versus pumping power. The exponent of the slope fitting the
emission intensity below the pumping threshold (Pth) lies be-
tween 1 and 2, which indicates a relaxation, assisted both by
exciton-exciton and exciton-LO phonon interactions.

picture is quite similar, except that there is no ground
state. In this case, the competition between relaxation
towards several modes defines the position of the ”bot-
tleneck”, namely the states which are the most favorable
from a loss-gain point of view. When the pumping power
is increased, the enhancement of the scattering rates dis-
places the bottleneck region deeper in energy, leading to
a continuous red-shift of the maximum of emission, as
observed both experimentally and theoretically.

IV EXTRACTION OF DISPERSION (SAMPLE
W2), POWER DEPENDENCE OF EMISSION

The Fabry-Perot modes visible in Fig. 3 of the main
text result from the horizontal confinement of light be-
tween the two cracks surrounding the excitation spot.
These two cracks form an horizontal cavity. The energy
spacing between the peaks is determined by the length
of the cavity and the slope of the dispersion relation.
By knowing the length of the cavity L, we can calcu-
late the difference δkz = π/L between subsequent modes.
Knowing the energy and the wavevector spacing between
modes, one simply needs a reference wavevector kz to
extract the experimental dispersion. It is approximately
estimated by adjusting the experimental points to the
theoretical dispersion. The result of this procedure is
shown in Fig. S7(a).

The theoretical dispersion of the guided modes of both
samples was calculated using the scattering matrix for-

malism [8] taking into account all the sample layers. We
choose the bare photonic mode TE0 by default. The
refractive index of the ZnMgO alloy was measured by
ellipsometry. The validity of the thickness and the re-
fractive index were confirmed by reflectivity experiments
and transfer matrix calculation. The exciton oscillator
strength for ZnO has been chosen in agreement with [9].

Another way to calculate the dispersion curve is based
on the coupled oscillator model. It also provides a good
agreement with experimental results and allows to deter-
mine the exciton and photon fractions of the amplified
modes. The corresponding curves are shown in Fig. 2 of
the main text for the sample W1 and in Fig. S7(a) for
the sample W2 (red curve on the inset).

The power dependence of emission extracted from the
data presented in Fig. 3(a) of the main text is shown in
Fig. S7(b), together with the energy shift of the Fabry-
Perot modes which is of the order of 1.5 meV at 2 Pth

(less than 1% of the Rabi splitting Ω).
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